ABSTRACT: We elucidate here the mechanism for the reaction of molecular oxygen with palladium-hydride complexes in toluene using quantum mechanics (B3LYP/LACVP** with the PBF polarizable continuum solvent model) for ((−)sparteine)-Pd II (H)OAc. Here we focus specifically on two classes of pathways: (1) those proceeding through Pd 0 and (2) those involving direct insertion of oxygen into the Pd−H bond. In particular, we present calculated potential energy surfaces and structures of the ((−)-sparteine)PdH system in which the OAc ion is substituted for Cl. We find that the acetate ligand has the ability to act as a base while chelating the Pd, making an external base unnecessary and significantly lowering the energy barrier involved in the Pd 0 pathway. This switches the calculated preference to the reductive elimination pathway proceeding through Pd 0 (ΔΔH ⧧ = 1.0 kcal/mol, ΔΔG ⧧ = −7.7 kcal/mol). The results presented herein demonstrate the ability to steer the reaction pathway through the choice of ancillary ligands. We expect that this strategy might contribute significantly to the development of new catalytic systems utilizing molecular oxygen as the stoichiometric oxidant.
INTRODUCTION
Enabling the use of molecular oxygen as the stoichiometric oxidant in inorganic catalysis is highly desirable, due to its low cost, its abundance, and its conversion to environmentally benign byproducts such as H 2 O 2 . In particular, Pd/O 2 systems are most promising for such insertions and have generated significant interest.
1−4 Such palladium-catalyzed oxidations are believed to proceed through an "oxidase" pathway, in which oxidation of the substrate by the palladium species occurs first, followed by reoxidation of palladium by O 2 (Scheme 1).
Although there is general agreement on the overall mechanism, specific details about this reoxidation are actively debated, which hinders the rational design of new catalysts. Consequently, a great deal of research has been devoted toward ascertaining the mechanism or mechanisms involved. This has narrowed the discussion down to two main pathways for most systems.
2−4
• Direct Insertion/Hydrogen Atom Abstraction (HAA):
the direct insertion of O 2 into a Pd II hydride brought about by the abstraction of the hydrogen atom by O 2 followed by rearrangement of the HOO
• fragment and spin conversion (Figure 1 ), • Pd 0 /HX Reductive Elimination (HXRE): reductive elimination of HX to form Pd 0 followed by reaction with O 2 (Figure 1 ). Previously we demonstrated the feasibility of insertion of O 2 into a Pd−H bond through a DFT study on a (sparteine)-PdHCl system used in the enantioselective oxidation of alcohols.
2a As this mechanism proceeds from Pd−H to Pd− OOH and avoids the formation of any Pd 0 intermediates, we originally referred to it as "direct insertion." This mechanism proceeds through the abstraction of a hydrogen atom by oxygen to form a Pd I radical T-complex containing HOO • , which subsequently rearranges to form the triplet palladium hydroperoxo complex. This complex crosses over from the spin triplet state to the spin singlet (which have similar energies for the triplet intermediate) to form the singlet hydroperoxo species, which proceeds through the addition of a proton to form H 2 O 2 and the corresponding PdCl 2 . We concluded 2a that the re-formation of the two radical species and the existence of the cis hydrogen bond acceptor were intimately correlated. Soon after this work we published a study on a Pd−H pincer complex in which this insertion mechanism was found to be the preferred pathway, in agreement with the experimental rate law.
2b
Subsequently we examined an alternate pathway for the (sparteine)PdHCl system that proceeds through Pd 0 . 2c This pathway proceeds through a base-assisted reductive elimination to form (sparteine)Pd 0 and base-H·Cl complex. We reffered to this mechanism simply as the "Pd 0 " mechanism in order to differentiate it from the "direct insertion" mechanism that avoids Pd 0 . We concluded 2c that the use of an exogenous base was vital, as reductive elimination of HCl was not feasible, and that the bidentate character of the ligand prevents the formation of a linear Pd 0 , which is energetically detrimental. In these two (sparteine)PdHCl papers 2a,c we demonstrated a preference for the direct insertion mechanism over the Pd 0 mechanism for the (sparteine)PdHCl system (ΔΔH ⧧ = 6.2 kcal/mol, ΔΔG ⧧ = 7.5 kcal/mol) ( Figure 2 ).
Shortly before our results completing the (spar)PdClH study appeared, 2c Popp and Stahl published a thorough examination of (IMes) 2 PdHOAc + O 2 .
3h In this work the authors primarily examined two mechanisms: (1) hydrogen atom abstraction of the Pd−H bond by molecular oxygen, which they referred to as the "hydrogen atom abstraction (HAA)" pathway (which is equivalent to our direct insertion path) and (2) reductive elimination of HX followed by oxygenation of Pd 0 and protonolysis of the (η 2 -peroxo)Pd II species, which they call the "HX reductive elimination (HXRE)" pathway (which closely parallels our Pd 0 pathway). On the basis of their QM calculations and their results for the addition of exogenous carboxylic acid, they concluded "the HX reductive elimination pathway is the most likely mechanism for catalyst oxidation under typical reaction conditions". Their conclusion disagrees with ours, but the systems being studied differ in the nature of the ligand (i.e., amine or carbene), the nature of the ligand binding (i.e., two monodentate ligands or one bidentate ligand), and the nature of the ancillary X ligand/base combination (Cl − with exogenous base or OAc
. This leaves open whether the theory and experiment agree or not.
In order to separate these factors and test them independently, we first performed a study examining the reaction of both cis-and trans-(pyr) 2 PdHOAc in order to compare the amine ligands with carbene ligands directly. 2d We found therein that when two monodentate amine ligands were employed the preferred reaction mechanism was the Pd 0 pathway, consistent with the results of Stahl. 3h In addition to this, we determined that while the Pd 0 species for the trans complex has the form of trans-(pyr) 2 Pd 0 , in the cis complex the Pd 0 complex formed is actually trans-(pyr)Pd 0 (HOAc) (acetic acid bound by the unprotonated oxygen), which results from loss of one of the two pyridine ligands (the one formerly trans to the hydride).
Stahl and co-workers published a similar study drawing the same basic conclusions: i.e., that for this system the RE/Pd 0 mechanism is active and that it is accompanied by loss of one of the pyridine ligands.
3k Our papers differed only in the point at which the second pyridine ligand is lost and when or if it is reintroduced (Scheme 2). Since we considered the second ligand to be important in the substrate oxidation half of the catalysis, we required that our reaction profile begin and end with two bound pyridine ligands. We found that the second pyridine is lost during the intramolecular reductive elimination but reintroduction after the addition of oxygen was energetically favorable and necessary for continuation in the catalytic cycle through subsequent substrate oxidation (Scheme 2, top). 2d Stahl and co-workers relied on the energetic favorability of the monopyridine complex and were not concerned with reinclusion of the second pyridine until after the formation of Pd−OOH (Scheme 2, bottom). Both of these proposed pathways in their various forms discussed above result in the generation of an L 2 XPd II −OOH species, but the overall catalytic cycle requires regeneration of L 2 Pd II X 2 . The conversion of these hydroperoxo intermediates to the corresponding dihalide, for instance, through the addition of HX has been thoroughly examined 2a and need not be described in detail here. Briefly, these steps involve the addition of HX (X = OAc, Cl) leading to the protonation of the hydroperoxo group, followed by substitution of X and the release of H 2 O 2 .
After completion of all of this work of our group and of the Stahl group, it remained unclear if our calculated preference of the (spar)PdHCl system for the direct insertion pathway was a result of the bidentate character of the ligand (preventing the formation of a linear Pd 0 species) or of the ancillary Cl − ligand, which causes the need for an exogenous base. Herein we present a detailed mechanistic QM study of the reaction of O 2 with (spar)PdHOAc for both the direct insertion and Pd 0 mechansims. The substitution of OAc for Cl in this study permits a direct comparison to the previous experimental and computational results, allowing us to determine the behavior of an X ligand possessing the ability to chelate to the metal after the reductive elimination while also possessing sufficient basicity to avoid the need for the exogenous base. In addition this allows us to examine this effect in the absence of a change in the ligand. In other words, the bidentate/acetate system (spar)PdHOAc can be seen as midpoint between the bidentate/chloride system (spar)PdHCl and the monodentate/acetate systems (pyr) 2 PdHOAc and (IMes) 2 PdHOAc. Our new results show that inclusion of a chelating base as the X ligand leads to substantial changes in the mechanistic pathway, providing a tool for developing new catalytic systems that can steer toward or away from a specific reoxidation pathway. Specifically we are interested in developing catalytic systems that avoid Pd 0 , since we consider it a direct pathway to palladium black and catalyst death. We believe that, given a full understanding of these mechanisms, a catalyst could be designed that intentionally goes through this direct insertion/ hydrogen atom abstraction pathway. This would eliminate the need to access Pd 0 , which should therefore prolong catalyst life. While in the process of submitting this work, Stahl and coworkers published (7/26/11) additional work on the (sparteine)PdHCl system. 3n There new results suggest that the (sparteine)PdHCl proceeds through an intramolecular reductive elimination pathway in which the sparteine ligand becomes monodentate and acts as the base. This previously unexamined pathway demonstrates that the hydrogen atom abstraction/direct insertion pathway is not feasible for the (sparteine)PdHX system when X is Cl or OAc. Even so, we feel that our results are valid and relevant for understanding these processes. Here the focus is on the distinction between OAc and Cl, and with this new mechanism in mind, a difference is still important.
COMPUTATIONAL METHODOLOGIES
All calculations were performed using the hybrid DFT functional B3LYP, as implemented in the Jaguar 7.0 program package. 5 This DFT functional utilizes the Becke three-parameter functional (B3) 6 including both exact Hartree−Fock exchange and the generalized gradient approximation in the exchange potential combined with the correlation functional of Lee, Yang, and Parr (LYP). 7 It is known to produce good descriptions of reaction profiles for transition-metalcontaining compounds. 8, 9 Pd was described with the LACVP** effective core potential and basis set (18 explicit electrons). 10 For all other elements the core electrons were included explicitly, using the Pople 6-31G** basis set, 11 but with 3s combination of the six d-like functions reduced to five.
All geometries were optimized and the analytic Hessian evaluated to determine the number of imaginary frequencies through vibrational frequency calculations. Transition states were determined using the "Standard" method in Jaguar, which attempts to maximize the energy along the lowest-frequency eigenvector of the Hessian while minimizing all the others. The transition state guess was determined by performing a scan of the potential energy surface between the reactant and products. In all cases the local minima had no imaginary frequencies, while the transition state structures led to exactly one imaginary frequency.
Implicit solvent effects for toluene were calculated with the Poisson−Boltzmann (PBF) continuum approximation, 12 as implemented in the Jaguar 7.0 program package, 5 which uses standard vdW radii to construct the solvent-accessible surface of the molecular complex. The solvation energies were calculated at geometries optimized for the gas phase using the dielectric constant ε = 2.38 and solvent radius 2.76 Å.
The vibrational frequencies from the analytic Hessian were used to calculate the zero-point energy corrections at 0 K, which was added to the solvation correction and the QM energy (Δ[E] ) to obtain the enthalpy at 0 K, ΔH[0 K]. Similarly, the vibrational frequencies were used to calculate the entropy and enthalpy corrections to 298.15 K, to
On the basis of previous results, we expect that relative energies on the ΔH[0 K] surface are accurate to ∼3 kcal/mol for stable intermediates and to ∼5 kcal/mol for transition structures. The relative energies on the ΔG[298 K] surface may be less accurate, due to the use of the PBF model. 13 This methodology was found to provide a useful level of theory in our previous study of (sparteine)Pd(Cl)(H).
2a,c
We use the standard Kohn−Sham formalism to obtain selfconsistent DFT orbitals for a wave function formulated in terms of a Slater determinant. This process is best suited for states that are well described as closed-shell (an up and down spin in each occupied orbital). However, it is particularly poor for describing the ground state of O 2 , which has spins, but this is of little importance for the ground state of O 2 . A more serious problem occurs for the first excited state of O 2 , which has 1 Δ g symmetry with an excitation energy of 22.5 kcal/mol. Here, UDFT (with e.g. up spin for π gx and down spin for π gy ) gives an excitation energy of 10.5 kcal/mol, because this M S = 0 wave function has a mixture of S = 0 (singlet) and S = 1 character. This problem can be treated by applying the spin projection operator, leading to a rigorous singlet excited state and a singlet−triplet splitting of 20.5 kcal/mol. 14a However, here neither the orbitals nor the geometry are optimum after spin projection. Since the M S = 0 state has nearly equal S = 0 and S = 1 character, Bally and Borden suggested simply doubling the calculated energy gap, yielding an energy gap of 21.0 kcal/mol for O 2 .
13b
All results reported here are UDFT. The ligand employed in this study, (−)-sparteine, is one stereocenter removed from C 2 symmetry and, although enantiomerically pure, leads to a doubling of the number of isomers for most the steps involved in the reactions. We found the differences in energy and geometry to be negligible and chose to present only the pathway starting at the ((−)-sparteine)Pd II (H)(Cl) species that corresponds to the favorable alcohol oxidation transition state from our previous study on the use of this catalyst in the selective oxidation of alcohols. Figure 4 , upper left), with ΔH = −1.3 kcal/mol. There is negligible electron transfer between the O 2 and the Pd complex. Spin analysis shows that all unpaired spins in 2 are on the O 2 fragment (one π* orbital in the plane, hereafter the σ electron, and the other π* orbital perpendicular to the plane, hereafter the π electron). We made thorough attempts to find an intermediate where the O 2 molecule interacts with the metal center similarly to those described in our previous work with the Cl system. 2a However, all such attempts led to the loss of O 2 and the only stable PdH·O 2 complex found was 2 trip . 2 therefore, we did not calculate a minimum energy crossing point (MECP) for the conversion of 3 trip to 3 sing. Previous results for spin conversion were found to be ∼4−5 kcal/mol.
2 Prior to forming species 3 trip /3 sing , the separation of the singlet and triplet surfaces was too large for a spin conversion from the triplet to the singlet species. However, the species 3 trip /3 sing can spin convert rapidly similarly to our previous observation.
2a From Figure 5 and Figure 6 , upper left) as the starting point for the reductive elimination pathway, leading to a reductive elimination transition state, TS1-4 ( Figure 6 , upper right), in which a hydrogen transfers from the Pd to the OAc to form a linear (κ 1 -spar)Pd 0 −acetic acid complex, 4. The ΔH ⧧ value for TS1-4 is 8.3 kcal/mol. Here the Pd−H bond has stretched from 1.52 to 1.69 Å, indicating that the Pd−H bond is not completely broken, while the O γOAc −H distance has decreased from 2.35 to 1.30 Å, indicating that the O γOAc −H bond is not fully formed. The imaginary frequency corresponds to a mode in which the proton transfers from the Pd to O γOAc with little other molecular motion except for a slight stretching of the Pd−N(cis to OAc) distance. Also of note is that the Pd− N(cis to OAc) distance has increased from 2.34 to 2.54 Å, indicating a loss of bonding, consistent with the hybridization of the available orbitals on a d 10 Pd 0 species. As a result of the change in formal oxidation state of the Pd, the Pd−N(trans to OAc) distance increased from 2.18 to 2.23 Å and Pd−O αOAc increased from 2.03 to 2.16 Å.
From TS1-4 the reaction proceeds to species 4, a linear Pd 0 complex very similar to the preceding transition state ( Figure 6 , middle left) and similar to the Pd 0 species found for cis-(pyr) 2 PdOAc.
2d Indeed, the only significant changes are the further stretching of the Pd−H distance (to 2.06 Å), the reduction of the O γOAc −H distance (to 1.04 Å), and further stretching of Pd−N (cis to OAc) distance (to 2.66 Å). The product formed through this transition state is species 4, downhill 2.6 kcal/mol on the ΔE gas surface. Including solvation and ZPE corrections to the energetics for these species makes intermediate 4 uphill from the previous transition state with ΔH = 9.5 kcal/mol. 16 Breaking the Pd−O αOAc bond followed by complete removal of the HOAc is energetically prohibitive (uphill 22.1 kcal/mol). This is entirely expected, as we found previously that the stabilization of L 2 Pd 0 required the two ligands to be in a trans configuration and this is not possible with sparteine alone. 2c,d With OAc acting as the base, however, it can remain bound to the Pd after deprotonation trans to a now monodentate sparteine. This species should be seen as an analogue to the trans L 2 Pd 0 species discussed elsewhere.
2d,3h
Instead of removing HOAc, we added triplet oxygen to 4. We could not isolate any unbound Pd 2d,3h The energy to remove the HOAc moiety is uphill 10.8 kcal/mol, but reintroduction would be required at latter point; therefore, we will not discuss it further.
Attempts to locate the corresponding species 5 sing were not successful, with the resulting structures all relaxing to either 3 sing or 6 sing , both the results of a hydrogen transfer from O γOAc to the α-or β-O of the O 2 moiety. This demonstrates that spin conversion to the singlet surface promotes proton transfer from the adjacent HOAc to form the Pd II hydroperoxo species, avoiding Pd II peroxo. As discussed above, spin conversions in related complexes have been examined thoroughly in previous papers, 2 and hence we did not calculate a MECP for the conversion of 5 trip to 5 sing . From here reaction of either 3 sing or 6 sing with another 1 equiv of HOAc completes the catalytic cycle by producing Pd II OAc 2 and H 2 O 2 (alternatively 6 sing can proceed first to 3 sing ) and will not be discussed further.
CONCLUSIONS
We conclude that the formation of Pd 0 from Pd II hydride with a subsequent reaction with triplet oxygen is energetically accessible for bidentate nitrogen ligand systems such as sparteine and for a basic chelating X ligand such as OAc, which lowers the reaction barrier for the Pd 0 pathway sufficiently that it is favored over direct insertion. Thus, the reaction proceeds as follows: (1) intramolecular deprotonation of the hydride from the cis OAc ligand, leading to formation of a linear (κ 1 -sparteine)Pd 0 −acetic acid complex (in which the chelating nitrogen originally trans to the hydride has dissociated), followed by (2) Figure 7 , dotted line) is competitive with that of the direct oxygen insertion mechanism (TS2-3; Figure 7 , solid line) on the ΔH surface and considerably more favorable on the ΔG surface (ΔΔH ⧧ = 1.0 kcal/mol, ΔΔG ⧧ = −7.7 kcal/ mol). In addition to this comparison these results suggest that inclusion of OAc with its role as a chelating base would preclude the necessity of the sparteine ligand to partially detach to act also as the base (as suggested recently by Stahl and coworkers) . 3n We expect that these results would apply to all Pd systems that employ bidentate N,N ligands and a basic chelating X ligand. These results demonstrate that, despite the disfavoring of the Pd 0 pathway by the bidentate character of the ligand, the chelating OAc moiety can alleviate the problem. In addition, disconnecting the tether and allowing either of the two donor ligands to obtain a trans configuration or dissociate one of the two also favors the Pd 0 pathway, as demonstrated previously for (pyr) 2 PdXH. 2d,3k Together with our previous report, we now have a complete picture of the competing pathways at work in a specific palladium oxidase system along with substantial information about how the choice of ancillary ligands affects the competition. This framework should be useful for further developments of related systems.
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